Abstract Microcoleus chthonoplastes constitutes one of the dominant microorganisms in intertidal microbial mat communities. In the laboratory, the eVects of repeated daily exposure to ultraviolet radiation (16:8 light:dark cycle) was investigated in unicyanobacterial cultures isolated from three diVerent localities (Baltic Sea = WW6; North Sea = STO and Brittany = BRE). Photosynthesis and growth were measured in time series (12-15 days) while UV-absorbing mycosporine-like amino acids (MAAs) and cellular integrity were determined after 12 and 3 days exposure to three radiation treatments [PAR (22 mol photon m ¡2 s ¡1 ) = P; PAR + UV-A (8 W m ¡2
Introduction
Microbial mats often develop and form an integral component of intertidal Xats and salt marsh across biogeographic regions. The Wlamentous cyanobacterium Microcoleus chthonoplastes is a cosmopolitan species and the dominant organism in many microbial mat communities growing in the intertidal and hypersaline habitats (Prufert-Bebout and Garcia-Pichel 1994; Stal 1995; Garcia-Pichel et al. 1996) . This benthic organism grows by adhering to submerged solid surfaces or attached to interfaces of the subsurface sediment layer in the intertidal zone. Microbial mats are important primary producers in extreme habitats with signiWcant contribution to trophic energy dynamics. Moreover, they also play an important role in the formation, stabilization and biogeochemistry of intertidal sediments (Paterson 1994; Decho 2000) .
In their natural habitats, microbial mats are exposed to strong irradiance, high salinity and long-term desiccation (Potts 1994; Bebout and Garcia-Pichel 1995; Karsten 1996) . Enhanced solar radiation due to stratospheric ozone depletion is a major stress factor to many photosynthetic organisms in high latitudes (Cockell and Knowland 1999; Day 2001; Häder et al. 2007 ). High ambient doses of UV radiation (UVR) are, however, characteristic of warm temperate to tropical regions and are strong enough to aVect marine organisms in the intertidal zone even under normal stratospheric ozone concentrations (Fleischmann 1989) . Although UV-B comprises a negligible portion of sunlight, it is responsible for most of the sun's damaging eVects.
UV-B radiation has many detrimental eVects on aquatic and terrestrial photosynthetic organisms. These include damaging molecular targets such as nucleic acids and proteins aVecting various physiological and biochemical processes which may consequently alter community structure and function when an organism is not able to cope with this stress factor and hence is eliminated in the trophic network (De Nys and Steinberg 2002; Sinha et al. 2003; BancroV et al. 2007 ). Many benthic cyanobacteria particularly those exposed to high irradiation, however, have developed eVective strategies to counteract the damaging eVects of UV-B. These include avoidance, i.e. by downward migration into the mat communities (Quesada and Vincent 1997) ; repair, i.e. D1 protein synthesis to restore PSII function, excision and photoreactivation to repair DNA lesions or gene expression encoding replacement of bleached chlorophylls (Castenholz and Garcia-Pichel 2000) ; and several other protection strategies (Pattanaik et al. 2007 ).
Synthesis of antioxidants and detoxifying enzymes can scavenge UV-induced excited states and reactive oxygen species (Vincent and Quesada 1994; Shirkly et al. 2000; He and Häder 2002) . Another protective mechanism against enhanced UV-B is the biosynthesis and accumulation of sunscreen compounds like the yellow-brown lipid-soluble scytonemin that occurs predominantly in the extracellular sheaths of cyanobacteria playing an eminent role in preventing UVinduced photodamage (Garcia-Pichel et al. 1992 ). Caroteniods, which are concentrated mainly in thylakoid membrane, cell membranes, and cell walls of cyanobacteria, also protect cells from lethal eVect of photooxidation by singlet oxygen (Edge et al. 1997; Kerfeld 2004) . Other important compounds for photoprotection are the mycosporine-like amino acids (MAAs) that have been found in many cyanobacterial species (Garcia-Pichel and Castenholz 1993; Ehling-Schulz et al. 1997) . Their role as intracellular passive screening agents has been inferred from UV-induced inhibition of growth and photosynthesis in phototrophic microorganisms lacking or exhibiting low concentrations of MAAs compared to cells with high MAAs contents (Neale et al. 1998) .
About 20 diVerent MAAs have been identiWed, mainly in aquatic organisms from a wide taxonomic range (Cockell and Knowland 1999) . Although cyanobacteria also exhibit a broad set of MAAs, in most cases the underlying chemical structures have still to be elucidated (Garcia-Pichel and Castenholz 1993) . SpeciWc MAAs compounds have been identiWed in several isolates and species of Microcoleus from diVerent geographical location, including some taxa lacking these compounds (Karsten and Garcia-Pichel 1996) . However, the occurrence of novel MAAs particularly in two strains from the Baltic Sea indicated some degree of either biogeographical or ecotypic diversiWcation (Karsten and Garcia-Pichel 1996) . Ultraviolet radiation and osmotic stress have been reported to induce and regulate MAAs synthesis in cyanobacteria (Portwich and GarciaPichel 1999) , but M. chthonoplastes exhibited an isolatespeciWc response (Karsten 2002) .
To our knowledge, no physiological studies have been conducted on the performance of M. chthonoplastes under UVR stress. Three isolates originally isolated from biogeographically diVerent regions, cultured for many years under identical laboratory conditions were selected to test their tolerance to UVR. We hypothesize that the diVerent strains are able to acclimate to artiWcial radiation treatments and the UVR response is species-speciWc rather than isolatespeciWc. To answer this question, photosynthesis, growth, MAAs synthesis and cellular integrity were comparatively investigated after a long-term repeated exposure to UVR.
Materials and methods

Organisms and growth condition
The three isolates of Microcoleus chthonoplastes Thuret used in this study were the dominant organism in the respective intertidal microbial mat communities at the biogeographically diVerent locations (Table 1 Radiation was measured with a Li-Cor LI-190-SB cosine corrected sensor connected to a Li-Cor LI-1000 data logger (Lambda Instruments, Lincoln, NE, USA) for PAR and PMA broadband radiometer for UV (Solar Light Co., Philadelphia, PA, USA). To achieve diVerent radiation treatments consisting of PAR alone (P), PAR + UV-A (PA) and PAR + UV-A + UV-B (PAB), diVerent cut-oV Wlters were used. Petri dishes were covered with a 395-nm cut-oV Wlter foil (Ultraphan URUV, Digefra, München, Germany) to eliminate UV-A and UV-B radiations, a 320-nm cut-oV Wlter foil (Folex PR, Folex, Dreieich, Germany) to eliminate UV-B, and a 295-nm cut-oV Wlter (Ultraphan UBT, Digefra) to allow transmission of wavelengths >295 nm. The available cut-oV Wlters slightly diVered from the UVR deWnition of CIE (Commission Internationale De l'Eclairage, UV-A = 315-400 nm, UV-B = 280-315 nm).
Photosynthesis
Photosynthetic eYciency was measured as in vivo Chl a Xuorescence using a portable pulse amplitude modulated Xuorometer (PAM2000, Walz, EVeltrich, Germany). The optimum quantum yield (F v /F m ) of photochemistry was determined in cyanobacteria suspension exposed to diVerent radiation treatments. A thick suspension of M. chthonoplastes with initial F 0 = 1,000 mV was prepared for experimental treatments. Optimum quantum yield of photosynthesis was measured in control (n = 9) and in samples exposed under P, PA and PAB (n = 3). Experimental units were repeatedly exposed to 16 h light and 8 h dark photoperiod for 12 days. F v /F m was measured directly after the 16 h radiation exposure at day 1, 3, 6, 9, and 12. Samples were initially dark incubated for 10-15 min before F v /F m measurements. F 0 was determined by a pulsed measuring beam (ca. 0.3-0.4 mol photons m ¡2 s ¡1 , 650 nm), followed by short pulses of saturating white light (0.6-0.8 s, 2,000-5,000 mol photons m ¡2 s
¡1
) for recording F m (distance light conductor: 1 mm, angle: 90°).
Growth
For each isolate, nine experimental units were prepared. From the growth cultures, 1 mL suspensions were transferred to each 30-mL transparent polyacryl Petri dishes (Kleinfeld, Hannover, Germany) and Wlled with 19 mL of PES medium.
Initial density of cyanobacteria in all experimental units was standardized by measuring initial Chl a Xuorescence (F 0 ) between 200-300 mV. Samples were then repeatedly exposed under 16 h of P, PA and PAB and 8 h dark period for 12-15 days. Petri dishes were maintained inside a water bath to keep a constant temperature of 22°C. Daily growth measurements (n = 3) were performed as the increase in Chl a Xuorescence using an in vivo growth Xuorometer for phototrophic microorganisms as previously described by . The growth rate ( ) was derived from iterative optimization of the exponential growth curves using the equation:
Mycosporine-like amino acids (MAAs) MAAs concentrations were determined in samples exposed to the same radiation (P, PA, PAB) and exposure treatments as for photosynthesis and growth using 40 mL of M. chthonoplastes suspension. After 12 days, the suspensions were centrifuged at 6,900 g for 5 min to collect the Wlaments. Pellets were rinsed twice in ice-cold iso-osmotic Ca (NO 3 ) 2 solutions to remove the extracellular dominant ions of the salt water medium in the Wlaments as described by Karsten et al. (1991) . Afterwards samples were freeze-dried (Lyovac GT2, Thermo Quest ScientiWc Equipment Group, Egelsbach, Germany). Dried samples of about 5 mg dry weight were extracted for 1.5-2 h in screw-capped centrifuge vials Wlled with 1 mL 25% aqueous methanol (v/v) and incubated in a water bath at 45°C. After centrifugation at 6,900 g for 5 min, 900 L of the supernatants were evaporated to dryness under vacuum (Speed Vac Concentrator SPD 111 V, Thermo Quest ScientiWc Equipment Group). Dried extracts were redissolved in 300 L 100% methanol and vortexed for 30 s. After passing through 0.2-m membrane Wlter, samples were analyzed with an Agilent HPLC (Waldbronn, Germany) system according to the method of Carreto et al. (2005) . The MAAs were separated on a stainless steel Altima (Alltech) C18 (5 150 £ 4.6 mm) and CapCell Pak UG (Shiseido) C18 (5 250 £ 4.6 mm) protected by Phenomenex guard column C18 (Phenomenex, AschaVenburg, Germany). The mobile phase with Eluent A: 0.2 % triXuoroacetic acid adjusted with ammonium hydroxide to pH 3.15 and Eluent B: 0.2 % triXuoroacetic acid adjusted with ammonium hydroxide to pH 2.2: methanol: acetonitrile = 80:10:10 (by vol.), run isocratically at a Xow rate of 1 mL min ¡1 . The MAAs were detected online with a photodiode array detector at 330 nm, and absorption spectra (290-400 nm) were recorded each second directly on the HPLC-separated peaks. IdentiWcation and quantiWcation of MAAs were done by spectra, retention time, and cochromatography with some available standards (Karsten et al. 1998a ).
Cellular structure
Micrographs of the isolates studied were taken before and after 3 days of 16 h daily UVR exposure. Filaments were examined with a Xuorescent light microscope (Olympus IX70, 20£ objective, excitation wavelengths 510-550 nm, emission peak >590 nm using a dichroic mirror at 570 nm) equipped with a green Wlter (WG) to observe autoXuorescence of PSII (Chl a and accessory pigments). Photographs were taken using a digital camera (Olympus ColorView 12, U-CMAD3, Japan) coupled to a PC and processed using AnalySIS™ Pro software (3.02 Soft-Imaging Systems). Exposure times were recorded.
Statistics
Data were tested for homogeneity (Levene Statistics) of variance. Heteroskedastic data were square root transformed. Time series measurements on photosynthesis were subjected to repeat measures analysis of variance (RMA-NOVA, P < 0.05) to determine the eVects of radiation treatments separately among diVerent strains. MAAs synthesis and growth rates under varying irradiance were tested using analysis of variance (ANOVA, P < 0.05). All analyses were followed by Duncan's multiple range test (DMRT, P = 0.05). Statistical analyses were made using SPSS program (SPSS, Chicago, IL, USA).
Results
The optimum quantum yield of PSII (F v /F m ) of the control (before exposure treatment) already showed signiWcant diVerence in the photosynthetic capacity between the three isolates (ANOVA, P = 0.001; DMRT, P = 0.05). Photosynthetic eYciency was highest in the isolate BRE (0.506 § 0.03), followed by STO (0.415 § 0.01) and lowest in WW6 (0.342 § 0.03).
During treatment, repeated exposure to P had no signiWcant negative eVect on the photosynthetic eYciencies of the three isolates. Radiation supplemented with UVR, however, reduced the photosynthetic eYciencies of all isolates (Fig. 1) . After 1-day exposure to UVR, reduction in F v /F m relative to P was highest in WW6 with 37 and 53% decrease in PA and PAB-treated samples, respectively. The relative decrease in F v /F m was lower in STO with 35 and 41% under PA and PAB, respectively. Minimal and no additional eVect of UV-B was observed in the reduction of F v /F m (16-17%) in UVR-treated BRE isolates (Fig. 1) .
Repeated exposure to UVR showed diVerent long-term responses. Curve Wts using non-linear regression analysis indicated increasing photosynthetic eYciency in PABtreated WW6 over time. Conversely, the F v /F m in PABtreated STO decreased progressively from the 6th to the 12th day. The photosynthetic performance of UVR-treated BRE remained relatively unchanged over time. Repeated measure analysis of variance (RMANOVA, P = 0.001) showed signiWcant diVerence between isolates and irradiance, as well as an interactive eVect between the two variables (Table 2) .
Growth in terms of increase in Chl a Xuorescence was detected and calculated in P-treated samples but not in PAand PAB-treated samples of all isolates (Fig. 2) . Background F 0 in UVR-treated samples was detectable and comparable to the initial values in STO and BRE, which eventually decreased compared to the initial background Xuorescence (Fig. 2b, c) . In WW6, a minimal growth was detected until the 9th day (Fig. 2a) . Growth rate in P-treated samples was not signiWcantly diVerent between the isolates (ANOVA, P = 0.124). Relatively higher growth rates were, however, observed in STO (0.141 § 0.02 day ). Three diVerent UV-absorbing compounds were detected in M. chthonoplastes (Fig. 3) . The respective absorption proWles were similar in all the three isolates investigated. Two peaks with absorption maxima of 331 nm were detected at 8.2 and 9.3 min. Another peak was detected at 13.3 min with an absorption maximum of 345 nm (Fig. 3) . None of the available standard MAAs conWrmed identity, and hence all MAAs in M. chthonoplastes have still to be chemically elucidated. After 12 days exposure to diVerent radiation treatments, no signiWcant accumulation in UV-absorbing compounds was observed in WW6. In contrast, a signiWcant increase in MAAs content was observed in PA-and PAB-exposed samples of STO. In BRE, only PAB-exposed cells exhibited signiWcant increase in MAAs values (Fig. 4) . Multiple analysis of variance (MANOVA, P < 0.01) indicated signiWcant eVects of isolate and irradiance, as well as interactive eVects of isolate and irradiance on MAAs synthesis ( Table 2) .
The excitation at circa 450 nm emitted only a weak red autoXuorencense of PSII, faintly visible in photograph due to the so-called cyanobacterial blue excitation gap. In lieu of the blue Wlter, a green Wlter was chosen because it can excite the minor chlorophyll absorption peak at 580 nm. The green excitation is absorbed primarily by phycoerythrin but this accessory pigment is not highly concentrated in M. chthonoplastes, while phycocyanin as the dominating phycobiliprotein is excitable at >600 nm. The excitation band of phycocyanin is, however, wide and reaches into the excitation wavelength (<590 nm) used. Thus, the autoXuorescence micrograph represents a combined signal of Chl a and phycobilin Xuorescence. M. chthonoplastes grown under P showed densely pigmented Wlaments, which strongly emitted a red Xuorescence (Fig. 5a, b) . The red autoXuoresence of Chl a and phycobilins was slightly reduced under PA treatment (Fig. 5c) . A strong degradation of primary and accessory pigments was observed under PAB treatment where only a tiny fragment of the Wlament remained Xuorescent and this sample had to be exposed ca. 20 times longer than the others (Fig. 5d) .
Discussion
Physiological and biochemical responses in Microcoleus chthonoplastes under UVR stress were observed to be isolate-speciWc in samples originally collected from biogeographically diVerent habitats, but cultured under the same laboratory conditions for at least 4 years. Under white light Most studies on the impact of UVR on the photosynthetic performance of algae refer to the mechanism of photoinhibition and recovery after only one-time exposure to UVR and subsequent recovery under low PAR. This approach is important to understand the principal physiological response of organisms to stress factors but imposes strict limits in making ecological implications. Therefore, more studies on photosynthetic performance of phototrophs under long term repeated exposure to UVR are needed. In juvenile stages of macroalgae, young sporophytes of subtidal Laminaria species were only able to partially acclimate to UVR after 28 days of repeated daily exposure to the whole radiation spectrum (Roleda et al. 2004a ) while young gametophytes of eulittoral Gigartinales were able to fully acclimate to UVR already after 3 days until the end of the 10-day exposure treatment (Roleda et al. 2004b ). In aeroterrestrial bioWlm algae, three out of four green algal species tested were able to fully acclimate to ultraviolet radiation in terms of photosynthetic performance and growth after 12 days repeated exposure to artiWcial radiation in the laboratory ). In a marine planktonic cyanobacterium Oscillatoria sp., pre-culture of cells with UV-A led to a higher tolerance of cells against UV-A-induced inhibition of photosynthesis (Wachi et al. 1995) . While Nostoc sphaeroides is slightly photoinhibited under ambient solar radiation and capable of fast recovery which is typical for dynamic photoinhibition (Helbling et al. 2006) , Arthrospira platensis is much more sensitive to UVR but photoinhibition decreased within 1 week of repeated exposure to solar radiation exemplifying partial acclimation of photosynthesis. In M. chthonoplastes photosynthetic performance was observed to be isolate-speciWc where acclimation and deterioration in F v /F m was observed in WW6 and STO, respectively. The minimal reduction of F v /F m under UVR in BRE was persistent over time maintaining a relatively eYcient photosynthetic performance under this waveband.
Since photoinhibition and recovery of photosynthesis as well as D1 protein turnover is a dynamic process, growth as an integrative parameter of all physiological processes, represents a more holistic measure to account for the impact of stress. Growth can be measured in terms of cell number, biomass, total carbon content and Chl a increase. In this study we determined the increase of in vivo Xuorescence of Chl a . Species-speciWc growth in response to stress factors has been reported in several studies. In the UV-A resistant Oscillatoria sp., growth was observed at UV-A radiation of up to 8 W m ¡2 (Wachi et al. 1995 ) similar to the UV-A treatment used in the present study. In the aeroterrestrial green alga Myrmecia incisa, growth rate was signiWcantly reduced although this species was able to photosynthetically acclimate to UVR. In contrast, growth rates of Stichococcus sp. and Chlorella luteoviridis were similar between PAR and PAR + UVR treatments. The PAR + UV-A treatment signiWcantly reduced growth rate in Desmodesmus subspicatus, while the addition of UV-B was accompanied by a complete inhibition of growth ). In the present study, no substantial growth was observed in all isolates of M. chthonoplastes exposed to PA and PAB, although the irradiances were similar to those used by Karsten et al. (2007) . Under PA treatment, where slight bleaching of Wlaments was observed, pigments (Chl a and phycobilins) could have been slightly degraded resulting in a lower autoXuorescence per cell. Under this condition, cell survival would entail higher metabolic cost for maintenance and therefore no net growth was observed after longer exposure time while only a minimal growth was measured in WW6 within the Wrst 6 days of exposure. However, under much higher UVR (53.1 W m ¡2 UV-A; 1.3 W m ¡2 UV-B), A. platensis exhibited detectable but reduced growth rates (Helbling et al. 2006) . Acclimation and maintenance of eYcient photosynthetic performance under UVR in WW6 and BRE were most probably measured from surviving cells. Microscopic examination of the cyanobacterial Wlaments, however, pointed to high incidence of cell mortality in PAB treatment, which supports the measured growth inhibition.
While photosynthetic eYciencies of all isolates seem to be able to acclimate to UVR, growth did not. This discrepancy can be, at least partially, related to the methods used, which are both based on the Xuorescence of Chl a. If this pigment decreases under UVR (degradation or bleaching), this would potentially inXuence the quality of the data. Consequently, continuously declining Chl a concentrations in growing cells under UVR exposure will lead to an underestimation of the growth rate, and at the same time to an overestimation of the dark yield of photosynthesis. The extent of this potential problem should be carefully addressed in future UV-studies.
The discrepancy between photosynthetic performance and growth may also be attributed to the diVerent cell densities used for the photosynthesis and growth measurements. A minimal initial Xuorescence (F 0 = 200 mV) is needed to continuously detect changes in F t over time as a measure for growth without overloading the dynamic range of the growth Xuorometer used. On the other hand, the PAM 2000 Xuorometer requires a much higher initial Xuorescence (F 0 = 1,000 mV) with cyanobacterial cell suspension to measure F v /F m accurately. With the denser suspension used for photosynthetic measurements, it might be likely that self shading could have reduced the UVR stress of individual cells to sustain a relatively high photosynthetic performance. The microscopic observations were however carried out on dense suspensions similar to those used for photosynthesis measurements. The UVR acclimation observed in diVerent Microcoleus isolates can therefore be attributed to the performance of the surviving cells within the Wlaments. Degraded cells retain their cell walls, which can oVer some protective function to the surviving cells by attenuating UVR. This has been well documented in the Weld for the green macroalga Ulva aV. rotundata Bliding from Southern Spain. At the natural site, the top layer of these mat-like canopies is generally completely bleached, but acts as a selective UV-B Wlter, and thus prevents subcanopy thalli from exposure to harmful radiation (Bischof et al. 2002) . Cells and tissue of brown algae that contain UV-absorbing compounds have the potential to protect any underlying living cells from the harmful eVect of high levels of UVR. Among diVerent kelp species, release of a cloud of meiospores (with phlorotannin-containing physodes) could buVer each other eVectively acting as a UV-bioWlter (Roleda et al. 2006 ). The superWcial meristoderm cells of a fucoid brown alga Hormosira banksii damaged by excess solar radiation was also observed to protect inner cells, remaining healthy, apparently shielded by the phlorotannin-rich dead tissue (Schoenwaelder 2002) .
Impact of UVR on the morphology of A. platensis indicated Wlament breakage or formation of tight helical structures as some kind of photoprotective mechanism (Wu et al. 2005; Helbling et al. 2006) . Conversely, no signiWcant changes were observed in the morphology of N. sphaeroides under diVerent radiation treatments (Helbling et al. 2006) . The terrestrial cyanobacteria Nostoc microscopicum and Tolypothrix arenophila possessing scytonemin as UV-A absorbing pigment in the extracellular sheath layer were able to tolerate 48 h continuous UV-B radiation. After 60 h exposure, the cells were observed to be extruded from the trichome . In contrast, Aulosira fertilissima lacking scytonemin bleached after 6 h UV-B radiation . In the present study, the images taken before and after exposure to diVerent radiation conditions indicated a diVerential decrease in the auto-Xuorescence of pigments in PA-and PAB-treated Wlaments relative to PAR exposure indicating the degradation of Chl a and phycobilins, as well as the increase in cell mortality under UVR.
Production of UV-absorbing compounds such as mycosporine-like amino acids (MAAs) have been related to photoprotection, which confer tolerance to high PAR and UVR. Three novel MAAs with absorbance maxima at 344, 346 and 332 nm in diVerent isolates of M. chthonoplastes have been previously reported (Karsten and Garcia-Pichel 1996; Karsten 2002) . In this study, we detected maximum absorbances only at 345 and 331 nm, however the underlying chemical structures have still to be elucidated.
Although the role that MAAs play as sunscreen compounds to protect against UVR-induced damage is well established, the relationship between MAAs synthesis and physiological performance in M. chthonoplastes is isolatespeciWc rather than a ubiquitous response. The lower sensitivity of PSII in BRE after repeated exposure to UVR is related to strong accumulation of MAAs in PAB-treated cells. Similar protective function of MAAs against inhibition of photosynthesis was reported in the dinoXagellate Gymnodinium sanguineum and cyanobacterium Plectonema boryanum (Neale et al. 1998; Ivanov et al. 2000) . On the other hand, photosynthesis of WW6 was able to partially acclimate to UVR but without signiWcant diVerence in MAAs contents between PAR and PAR + UVR treated cells. The same phenomenon was observed in A. platensis which required a long-term acclimation process to cope with high UVR levels, which seem not to be related to the accumulation of UV-absorbing compounds rather than to adaptive morphological changes (Helbling et al. 2006) . Conversely, photosynthesis of STO under UVR slightly deteriorated over time but a signiWcant diVerence in MAAs content was observed between treatments. Synthesis of MAAs as UV protectants is energetically expensive. Organisms of 1 to <10 m cell size (M. chthonoplastes cells diameter = 2.6-6.9 m; Karsten and Garcia-Pichel 1996) using UV sunscreens as photoprotective mechanisms can gain considerable physiological beneWts but at the expense of high energetic investment and sometimes with restricted eYciency (Garcia-Pichel 1994) . A signiWcant positive correlation between growth rate and MAAs accumulation among diVerent species of aeroterrestrial bioWlm algae was reported by Karsten et al. (2007) . On the other hand, strain-speciWc physiological responses (pigment, Fv/ Fm and growth) in UVR-exposed Nodularia spumigena were not related to MAAs accumulation (WulV et al. 2007) .
In their natural habitat, microbial mats typically consist of associations of diVerent cyanobacterial taxa. In these systems Lyngbya cf. aestuarii has been reported to form thin compact layers on top of M. chthonoplastes. Exposure to high solar radiation stimulated in L. cf. aestuarii synthesis and accumulation of scytonemin which eVectively protected M. chthonoplastes like an umbrella underneath from UVR allowing optimum growth in summer (Karsten et al. 1998b ). In addition, many motile cyanobacteria have been reported to migrate downward into the mat particularly at noon as radiation avoidance strategy (Bebout and Garcia-Pichel 1995; Castenholz 1997; Kruschell and Castenholz 1998; Nadeau et al. 1999) .
In summary, M. chthonoplastes isolated from diVerent localities and grown under the same laboratory conditions for years were able to maintain ecotypic characteristics that might be genetically Wxed as shown in their variable physiological response to UVR. Morphologically, the diVerent isolates are classiWed as one species. Molecular taxonomic approaches such as 16S and ITS rDNA sequencing will determine the relatedness of the diVerent isolates studied to explain the observed isolate-speciWc responses to UVR. In general, cellular integrity and growth of diVerent M. chthonoplastes isolates were sensitive to the experimental UVRtreatments in the laboratory. However, in nature this species survives the high-radiation environment by living in close association with UVR-tolerant and scytonemin producing cyanobacteria and because of the ability to migrate to more shaded locations.
